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ABSTRACT

A mobile wireless communication device includes a circula-
tors coupled between a respective communications arrange-
ment and their antennas. Each circulator includes a coupled
tuning network, wherein the tuning networks are operable to
tune their circulators for maximum isolation from cross cou-
pling between the power amplifiers within an operating fre-
quency band of the respective communications arrangement.

12 Claims, 6 Drawing Sheets
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1
CIRCULATOR TUNING FOR REDUCED
INTERMODULATION DISTORTION IN A
WIRELESS COMMUNICATION DEVICE

FIELD OF THE DISCLOSURE

The present invention relates generally to wireless commu-
nication devices and more particularly to a circulator used in
a mobile wireless communication device.

BACKGROUND

Wireless communication protocols and devices, such as
Long Term Evolution devices, have been introduced that
allow the wireless communication of concurrent voice and
data services. Typically, this involves a device with two trans-
ceivers and two respective antennas, one for each service.
However such concurrent communication can cause cross
coupling of signals, which can result in intermodulation dis-
tortion (IMD) related issues. As a result, vendors of such
devices desire to provide a minimum amount of isolation
between antennas to reduce cross coupling. However, this can
be problematic in a small communication device, such as a
mobile handheld device, where the package size and antenna
orientation parameters are set to optimize ergonomic consid-
erations. Simulations have been performed, using standard
packaging of handheld mobile communication devices,
where the isolation between different antenna structures upon
the same device can drop to less then 3 dB in many cases,
which is unacceptable for IMD performance.

One technique for increasing isolation between antennas is
to use a circulator canceller in order to increase channel
isolation. Although this technique works, it has only been
implemented in large communication devices using a large,
tuned and shielded circulator, which is expensive, and has
only been operable for very high power levels. None of these
operational parameters can be carried over to a small hand-
held wireless device using a small, low-cost circulator. In
particular, miniature circulators and isolators are inherently
low performance, narrow band devices due to limits on size
and magnet configuration, and these miniature circulators
have minimal shielding, allowing their performance to be
influenced by nearby fields.

Accordingly, there is a need for to provide antenna isola-
tion in a small wireless communication device that uses com-
mercially available low-cost circulators.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, where like reference numerals
refer to identical or functionally similar elements throughout
the separate views, together with the detailed description
below, are incorporated in and form part of the specification,
and serve to further illustrate embodiments of concepts that
include the claimed invention, and explain various principles
and advantages of those embodiments.

FIG. 1 is a block diagram of a prior art mobile handheld
wireless communication device with the ability to transmit
two communication streams.

FIG. 2 is a simplified block diagram of one embodiment of
a mobile handheld wireless communication device with the
ability to transmit two communication streams, in accordance
with the present invention.

FIG. 3 is a circuit diagram of one embodiment of the tuning
network of FIG. 2.

FIG. 4 is a graphical representation of the frequency per-
formance of the circuit of FIG. 2
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FIG. 5 is a simplified block diagram of a further embodi-
ment of a mobile handheld wireless communication device
with the ability to transmit two communication streams, in
accordance with the present invention.

FIG. 6 is a block diagram of a method, in accordance with
the present invention.

Skilled artisans will appreciate that elements in the figures
are illustrated for simplicity and clarity and have not neces-
sarily been drawn to scale. For example, the dimensions of
some of the elements in the figures may be exaggerated rela-
tive to other elements to help to improve understanding of
embodiments of the present invention.

The apparatus and method components have been repre-
sented where appropriate by conventional symbols in the
drawings, showing only those specific details that are perti-
nent to understanding the embodiments of the present inven-
tion so as not to obscure the disclosure with details that will be
readily apparent to those of ordinary skill in the art having the
benefit of the description herein.

DETAILED DESCRIPTION

The present invention provides RF energy isolation
between concurrent operating power amplifiers in a small
wireless communication device using commercially avail-
able low-cost circulators. In particular, the present invention
uses a tuning network coupled to a circulator to over come the
above limitations. In addition, the present invention provides
a novel tuning technique for the circulator that allows the
device designer to move antennas closer together and to make
the package smaller while still being able to run at full power
levels for the device.

FIG. 1 shows a simplified block diagram of a prior art
mobile wireless communication device operable to provide
two full duplex communication streams concurrently, such as
one voice stream and one data stream, for example. One
communication stream can be supported by a first communi-
cation arrangement 124 including a radio chip set 100 with
transmit (Tx) and (Rx) receive functions. The chip set 100 can
supply a first transmit signal 122 via a bandpass filter 102, a
power amplifier 104, a coupler 106, and a diplexer 108, to an
antenna 128 for transmitting the first transmit signal 122.
Another communication stream can be supported by a second
communication arrangement 126 including another chip set
110 that can supply a second transmit signal 120 via its own
bandpass filter 112, a power amplifier 114, a coupler 116, and
a diplexer 118, to an antenna 130 for transmitting the second
transmit signal 120.

Since the two antennas are located within a mobile hand-
held wireless communication device, they will be located in
proximity to each other, even if they are on opposite ends of
the device. As a result, there is the potential for signals from
one communication arrangement to leak into, and cross
couple with, the transmit circuitry of the other communica-
tion arrangement. For example, as the first communication
arrangement transmits its signal 122, this signal will reach
and cross couple with the antenna 130 of the second commu-
nication arrangement. This signal 122 can leak through the
diplexer 118 and the second coupler 116 and reach the power
amplifier 114 of the second communication arrangement.
This reverse direction leakage from the first transmitter com-
bining in the power amplifier of the second transmitter can
produce third and fifth order intermodulation distortion
(IMD) products, which are undesirable. Similarly, as the sec-
ond communication arrangement transmits its signal 120, this
signal will reach and cross couple with the antenna 128 of the
first communication arrangement. This signal 120 can leak
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through the first diplexer 108 and the coupler 106 and reach
the power amplifier 104 of the first communication arrange-
ment. This reverse direction leakage from the second trans-
mitter combining in the power amplifier of the first transmit-
ter can also produce undesirable third and fifth order IMD
products. The present invention reduces IMD products by
introducing a tuned circulator into the signal paths of the first
and second communication arrangement.

FIG. 2 shows a circuit adapted to support the inventive
concepts of the embodiments of the present invention. In
particular, the present invention adds a miniature circulator
202, 212 into each communication stream. For example, a
first circulator 202 can have a first port coupled to a coupler
106 of the first transmit stream and a second port coupled to
a diplexer 108 to the antenna 128. Similarly, a second circu-
lator 212 can have a first port coupled to a coupler 116 of the
second transmit stream and a second port coupled to a
diplexer 118 to the antenna 130. A tuning network 200, 210 is
coupled to a third port of the circulators 202, 212, in accor-
dance with the present invention. Typical circulators available
for miniature devices such as mobile communication devices
are not finely tuned devices. In addition, a typical isolator
circulator for a miniature device only has two external ports,
with the third port internally terminated with a fifty ohm
resistive load. The present invention utilizes a miniature cir-
culator with three external ports, where the third port is ter-
minated with a tuning network that can be statically or
dynamically tuned. For example, the tuning network could be
tuned by a spectrum/network analyzer during manufacture of
the device, or the tuning network could be dynamically tuned
in real-time using one or more controller 204, 214 that
receives feedback of IMD performance from a receiver of the
radio chip set 100, 110.

FIG. 3 shows the tuning network 200, 210 of FIG. 2. The
termination is typically a fifty ohm resistance, but could be
another reactance, as needed. The tuning network is capable
of synthesizing virtually all points upon the Smith chart,
limited only by the quality of the components used. Losses in
the tuning components can cause the extreme outer edges of
the Smith chart to be inaccessible to the tuning network,
although 3 dB S11 at all phases is realizable. The inductors
and/or capacitors of the tuning network can be tunable. Pref-
erably, only tunable capacitors are used (as shown) since they
are more easily realizable although tunable inductors or
delays can also be used. Also, various RF switches and reac-
tors (not shown) can be placed around and in the tuning
network to enhance tuning range or bandwidth. Although a
pi-network is shown in this embodiment, it should be recog-
nized that many variations of tuning network could be used
equally well in the present invention. For example, various
combinations and subsections of this circuit can be used to
synthesize [, H and T networks, even though a pi-network is
shown here.

In one embodiment, the tuning network of the present
invention is statically tuned at the factory and is passive. Any
level changes of either of the two signal sources is propor-
tionately scaled without the need to re-adjust the tuning net-
work. Such a passive network can be realized in a non-pro-
grammable or fixed tuned version of this circuit. In such a
configuration the bandwidth will suffer, but the isolation at
center frequency can be greatly enhanced. In another embodi-
ment, the tuning network can be dynamically adjusted in
real-time. For example, IMD products can be measured by the
receiver of the radio chip sets, and a controller can tune the
tuning network to minimize the actual IMD products as seen
by the impacted receiver. Specifically, the controller uses
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IMD metrics to servo the tuning network components to adapt
the tuning network to the changing RF environment.

A typical miniature isolator or circulator demonstrates a
narrow frequency band isolation response. In FIG. 4, the
dotted-line curve 402 denotes the typical narrow band isola-
tion of a miniature circulator used in mobile radio applica-
tions. The circulator can be statically tuned for maximum S11
isolation by complementing the energy vector coming from
the circulator within the operating frequency band 400, in
accordance with one embodiment of the present invention.
However, by providing a tunable circulator, the present inven-
tion can also provide an embodiment for dynamically tuning
the circulator to provide the multiple solid-line curves 406
showing various tuned frequencies across the working band
of the tuned circulator. In effect, the present invention can
tune for a frequency band that far exceeds what a passively
tuned circulator can provide by itself. The dotted-line curve
404 denotes the composite isolation of all of the solid-line
curves 406, and demonstrates this further improvement
proved by the present invention.

FIG. 5 shows a further embodiment of the present inven-
tion where a diplexer 500, 510 is inserted between the circu-
lator 202, 212 and the tuning network 200, 210. The extra
diplexer is tuned to the in-band power amplifier operational
frequency, and the out-of-band offending frequency. This
additional diplexer allows the tuning network to further tune
out any offending frequency (even when that frequency is
out-of-band for the circulator). The termination is chosen to
terminate the normal in-band circulator frequency. This
choice of termination maintains maximum efficiency in the
forward path of the circulator by minimizing the mismatch
caused by the tuning network and the antenna to in-band
frequencies while still allowing cancellation of an offending
out-of-band frequency. Therefore, the circulator is still effec-
tive as an isolator outside of the passband, while not affecting
forward path S21 performance of the circulator in-band. As a
result, the dynamic tuning ability of the present invention is
able to separate the effects of in-band and out-of-band signal
reflections, thereby maximizing the selectivity of the diplexer
and the directivity (S21) of the coupler. It should be noted that
a duplexer or other cross over network may replace the
diplexer 500, 510 in certain instances.

FIGS. 2, 3 and 5 show circuits adapted to support the
inventive concepts of the embodiments of the present inven-
tion. Those skilled in the art will recognize that the figures do
not depict all of the equipment necessary for the device and
display to operate but only those components particularly
relevant to the description of embodiments herein. For
example, the device can include power supplies, separate
processors, controllers, interfaces, buffers, transceivers, and
the like, which are well-known. In addition, processing and
controlling units are known to comprise basic components
such as, but not limited to, microprocessors, microcontrol-
lers, memory cache, application-specific integrated circuits
(ASICs), and/or logic circuitry.

Those skilled in the art are aware of the many design and
development techniques available to configure the operation
of'a device. Therefore, the entities shown represent a known
system that has been adapted, in accordance with the descrip-
tion herein, to implement various embodiments of the present
invention. Furthermore, those skilled in the art will recognize
that aspects of the present invention may be implemented in
and across various physical components and none are neces-
sarily limited to single platform implementations.

FIG. 6 illustrates a method for reduced intermodulation
distortion in a mobile wireless communication device, in
accordance with the present invention. The method includes a
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first step of coupling 600 a first circulator between a first
communications arrangement and a first antenna, and cou-
pling a second circulator coupled between a second commu-
nications arrangement and a second antenna.

A next step includes coupling 602 a first tuning network to
a port of the first circulator, and coupling a second tuning
network to a port of the second circulator.

An optional step includes coupling 604 a diplexer between
each circulator and its associated tuning network.

For a dynamic tuning embodiment, a next step includes
measuring 606 intermodulation products produced by a
power amplifier in a communication arrangement and pro-
viding intermodulation metrics therefrom.

A next step includes tuning 608 the tuning networks to tune
the circulators for maximum isolation from cross coupling
between the power amplifiers within an operating frequency
band of the respective communications arrangement. For a
dynamic tuning embodiment, tuning 608 includes dynami-
cally tuning the tuning network in response to the intermodu-
lation metrics. In practice, tuning 608 includes tuning the
circulators outside of the operating frequency band. Where
optional diplexers are coupled 604 between each circulator
and its associated tuning network, tuning 608 includes tuning
the diplexer to an in-band operational frequency, and termi-
nating the diplexer for maximum efficiency in a forward path
of'the circulator and minimum mismatch caused by the tuning
network to in-band frequencies.

Advantageously, the present invention provides a tunable
circulator for a mobile handheld wireless communication
device, wherein the tunable circulator is effective to enhance
isolation for leakage, often more then 20 dB.

In the foregoing specification, specific embodiments have
been described. However, one of ordinary skill in the art
appreciates that various modifications and changes can be
made without departing from the scope of the invention as set
forth in the claims below. Accordingly, the specification and
figures are to be regarded in an illustrative rather than a
restrictive sense, and all such modifications are intended to be
included within the scope of present teachings.

The benefits, advantages, solutions to problems, and any
element(s) that may cause any benefit, advantage, or solution
to occur or become more pronounced are not to be construed
as a critical, required, or essential features or elements of any
or all the claims. The invention is defined solely by the
appended claims including any amendments made during the
pendency of this application and all equivalents of those
claims as issued.

Moreover in this document, relational terms such as first
and second, top and bottom, and the like may be used solely
to distinguish one entity or action from another entity or
action without necessarily requiring or implying any actual
such relationship or order between such entities or actions.
The terms “comprises,” “comprising,” “has”, “having,”
“includes”, “including,” “contains”, “containing” or any
other variation thereof, are intended to cover a non-exclusive
inclusion, such that a process, method, article, or apparatus
that comprises, has, includes, contains a list of elements does
not include only those elements but may include other ele-
ments not expressly listed or inherent to such process,
method, article, or apparatus. An element proceeded
by “comprises . . . a”, “has . . . a”, “includes . . . a”,
“contains . . . a” does not, without more constraints, preclude
the existence of additional identical elements in the process,
method, article, or apparatus that comprises, has, includes,
contains the element. The terms “a” and “an” are defined as
one or more unless explicitly stated otherwise herein. The
terms “substantially”, “essentially”, “approximately”,
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“about” or any other version thereof, are defined as being
close to as understood by one of ordinary skill in the art, and
in one non-limiting embodiment the term is defined to be
within 10%, in another embodiment within 5%, in another
embodiment within 1% and in another embodiment within
0.5%. The term “coupled” as used herein is defined as con-
nected, although not necessarily directly and not necessarily
mechanically. A device or structure that is “configured” in a
certain way is configured in at least that way, but may also be
configured in ways that are not listed.

It will be appreciated that some embodiments may be com-
prised of one or more generic or specialized controllers of
processors such as microprocessors, digital signal processors,
customized processors and field programmable gate arrays
(FPGAs) and unique stored program instructions (including
both software and firmware) that control the one or more
processors to implement, in conjunction with certain non-
processor circuits, some, most, or all of the functions of the
method and/or apparatus described herein. Alternatively,
some or all functions could be implemented by a state
machine that has no stored program instructions, or in one or
more application specific integrated circuits (ASICs), in
which each function or some combinations of certain of the
functions are implemented as custom logic. Of course, a
combination of the two approaches could be used.

Moreover, an embodiment can be implemented as a com-
puter-readable storage medium having computer readable
code stored thereon for programming a computer (e.g., com-
prising a processor) to perform a method as described and
claimed herein. Examples of such computer-readable storage
mediums include, but are not limited to, a hard disk, a CD-
ROM, an optical storage device, a magnetic storage device, a
ROM (Read Only Memory), a PROM (Programmable Read
Only Memory), an EPROM (Erasable Programmable Read
Only Memory), an EEPROM (Electrically Erasable Pro-
grammable Read Only Memory) and a Flash memory. Fur-
ther, it is expected that one of ordinary skill, notwithstanding
possibly significant effort and many design choices motivated
by, for example, available time, current technology, and eco-
nomic considerations, when guided by the concepts and prin-
ciples disclosed herein will be readily capable of generating
such software instructions and programs and ICs with mini-
mal experimentation.

The Abstract is provided to allow the reader to quickly
ascertain the nature of the technical disclosure. It is submitted
with the understanding that it will not be used to interpret or
limit the scope or meaning of the claims. In addition, in the
foregoing Detailed Description, it can be seen that various
features are grouped together in various embodiments for the
purpose of streamlining the disclosure. This method of dis-
closure is not to be interpreted as reflecting an intention that
the claimed embodiments require more features than are
expressly recited in each claim. Rather, as the following
claims reflect, inventive subject matter lies in less than all
features of a single disclosed embodiment. Thus the follow-
ing claims are hereby incorporated into the Detailed Descrip-
tion, with each claim standing on its own as a separately
claimed subject matter.

What is claimed is:

1. A mobile wireless communication device, comprising:

a first circulator coupled between a first communications

arrangement and a first diplexer,

the first diplexer coupled to the first communications

arrangement and coupling a first antenna to the first
circulator;

a first tuning network coupled to a port of the first circula-

tor;
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a second circulator coupled between a second communi-
cations arrangement and a second diplexer, the second
diplexer coupled to the second communications
arrangement and

coupling a second antenna to the second circulator;

a second tuning network coupled to a port of the second
circulator, wherein the tuning networks are operable to
tune the circulators for maximum isolation from cross
coupling between power amplifiers of the respective
communications arrangements within an operating fre-
quency band of the respective communications arrange-
ments; and

an additional diplexer coupled between each circulator and
its associated tuning network, wherein the additional
diplexer is tuned to an in-band operational frequency
and an out-of-band offending frequency.

2. The device of claim 1, wherein each communications
arrangement is operable to measure intermodulation products
produced by the associated power amplifier and provide inter-
modulation metrics therefrom, and further comprising a con-
troller coupled to the tuning network, the controller operable
to dynamically tune the tuning network in response to the
intermodulation metrics.

3. The device of claim 1, wherein the tuning network is a
pi-network including tunable capacitors.

4. The device of claim 1, wherein the tuning networks are
also operable to tune the circulators outside of the operating
frequency band.

5. The device of claim 1, wherein the diplexer is terminated
for maximum efficiency in a forward path of the circulator
and minimum mismatch caused by the tuning network to
in-band frequencies.

6. A mobile wireless communication device, comprising:

a first communications arrangement operable to measure
intermodulation products produced by an associated
power amplifier and provide intermodulation metrics
therefrom;

a first circulator with three ports, a first port coupled to the
first communications arrangement;

a first diplexer coupled between a second port of the first
circulator and a first antenna, the first diplexer also
coupled to the first communications arrangement;

a first tuning network coupled to a third port of the first
circulator;

afirst controller coupled to the first tuning network, the first
controller operable to dynamically tune the first tuning
network in response to the intermodulation metrics to
tune the first circulator for maximum isolation from
cross coupling from a second communications arrange-
ment within an operating frequency band of the first
communications arrangement;

a second circulator with three ports, a first port coupled to
a second communications arrangement;

a second diplexer coupled between a second port of the
second circulator and a second antenna, the first diplexer
also coupled to the second communications arrange-
ment;
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a second tuning network coupled to a third port of the
second circulator;

a second controller coupled to the second tuning network,
the second controller operable to dynamically tune the
second tuning network in response to the intermodula-
tion metrics to tune the second circulator for maximum
isolation from cross coupling from the first communica-
tions arrangement within an operating frequency band
of the second communications arrangement; and

an additional diplexer coupled between each circulator and
its associated tuning network, wherein the additional
diplexer is tuned to an in-band operational frequency
and an out-of-band offending frequency.

7. The device of claim 6, wherein the tuning networks are
also operable to tune their respective circulators outside of
their operating frequency band.

8. The device of claim 6, wherein the diplexer is terminated
to maximizing the selectivity of the diplexer and the directiv-
ity of a coupler of the respective communications arrange-
ment.

9. A method for reduced intermodulation distortion in a
mobile wireless communication device, the method compris-
ing the steps of:

coupling a first circulator between a first communications
arrangement and a first diplexer, the first diplexer
coupled to the first communications arrangement and
coupling a first antenna to the first circulator, and cou-
pling a second circulator coupled between a second
communications arrangement and a second diplexer, the
second diplexer coupled to the second communications
arrangement and coupling a second antenna to the sec-
ond circulator;

coupling a first tuning network to a port of the first circu-
lator, and coupling a second tuning network to a port of
the second circulator;

tuning the tuning networks to tune the circulators for maxi-
mum isolation from cross coupling between respective
power amplifiers of the respective communications
arrangements within an operating frequency band of'the
respective communications arrangements; and

coupling an additional diplexer between each circulator
and its associated tuning network, wherein tuning
includes tuning the additional diplexer to an in-band
operational frequency and an out-of-band offending fre-
quency.

10. The method of claim 9, further comprising the step of
measuring intermodulation products produced by a power
amplifier in a communication arrangement and providing
intermodulation metrics therefrom, and wherein tuning
includes dynamically tuning the tuning network in response
to the intermodulation metrics.

11. The method of claim 9, wherein tuning includes tuning
the circulators outside of the operating frequency band.

12. The method of claim 9, wherein tuning includes termi-
nating the diplexer for maximum efficiency in a forward path
of'the circulator and minimum mismatch caused by the tuning
network to in-band frequencies.
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